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Cavitation, Kaplan Turbine, Vibration abstract An experimental investigation has been carried out in order to evaluate the detection of cavitation in Kaplan turbine. The methodology is based on the analysis of structural vibrations and sound level measured in the turbine. The proposed techniques have been checked in horizontal dispositioned Kaplan turbine suffering from different types of cavitation. Although cavitation within pumps has been the subject of extensive research up to now, as demonstrated by the works from [1], [2], [3], [4] and others, it must be noted that few studies have been published related to cavitation within hydropower turbines. Because of that, the current paper is mainly focused in detection of cavitation in kaplan turbines. First, different causes of vibration in the Kaplan turbine model which has been selected for the experiment are discussed. The work presented here is focused on the most important ones which are the leading edge cavitation due to its erosive power, the bubble cavitation because it affects the machine performance and the draft tube swirl that limits the operation stability and vortex cavitation which is the dominating type of cavitation in Kaplan turbine. Cavitation detection is based on the previous understanding of the cavity dynamics and its location inside the machine. The main techniques are the study of the high frequency spectral content of the signals and of their amplitude demodulation for a given frequency band. Moreover, low frequency spectral content can also be used in certain cases. The results obtained for the various load conditions and speed found in the selected machine are presented and discussed in detail in the paper. Conclusions are drawn about the best sensor, measuring location, signal processing and analysis for each type of cavitation, which serve to validate and to improve the detection techniques.
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introduction
Cavitation is defined as the condition when a liquid reaches a state at which vapour cavities are formed and grow due to dynamic-pressure reductions to the vapour pressure of the liquid at constant temperature. In a flowing liquid, these cavities are subjected to a pressure increase that stops and reverses their growth, collapsing implosively and disappearing. The violent process of cavity collapse takes place in a very short time of about several nanoseconds and results in the emission of large amplitude shock-waves. A high-speed reentrant liquid micro-jet directed towards the boundary can also occur for cavities collapsing close to a solid surface. If the amplitude of the resulting pressure pulse is larger than the limit of the material mechanical strength, a hollow or indentation of several micrometers called ''pit'' will be formed on the surface. If an accumulation of pits takes place in a narrow area, the material is finally eroded and mass loss occurs due to the repetitive action of the cavity collapses. In a flowing liquid, these cavities can take different forms that can be described as travelling bubbles, attached cavities or cavitating vortices.
types of cavitation
The main forms of cavitation that can arise on hydraulic turbines are briefly described in the following paragraphs. More details can be found in Li [18].
Leading Edge Cavitation
As shown in the Fig1. A. It takes the form of an attached cavity on the suction side of the runner blades due to operation at a higher head than the machine design head (W/W A >1) when the incidence angle of the inlet flow is positive and largely deviated from the design value (a>0). It can also occur on the pressure side during operation at a lower head than the machine design head (W/W A <1) when the incidence angle is negative (a<0). If unstable, this is a very aggressive type of cavitation that is likely to deeply erode the blades and to provoke pressure fluctuations. Its effect on blade is marked as 1 in Fig. 2. tation number sp and they grow with load reaching their maximum when the machine operates in overload condition with the highest flow rate ({/{ A >>1). This is a severe and noisy type of cavitation that reduces significantly the machine efficiency and that can provoke erosion if the bubbles collapse on the blade. Its effect on blade is indicated as 2 in Fig. 2. 
Draft Tube Swirl
As demonstrated in Fig. 1 . C. It is a cavitation vortex-core flow that is formed just below the runner cone in the centre of the draft tube. Its volume depends on sp and it appears at partial load ({/ { A <1) and at overload ({/{ A >1) due to the residual circumferential velocity component of the flow discharged from the runner. This vortex rotates in the same direction as the runner at part load and in the opposite direction at overload. From 50% up to 80% of the best efficiency flow rate, the vortex core takes a helical shape and presents a precession rotation at 0.25-0.35 times the runner rotating speed. In this case, circumferential pressure pulsations are generated at this low frequency. Strong fluctuations may occur if the precession frequency matches one of the free natural oscillation frequencies of the draft tube or penstock. This provokes large bursts of pressure pulses in the draft tube causing strong vibrations on the turbine and even on the powerhouse. Beyond the best efficiency point the vortex is axially centered in the draft tube cone. Its effect on blade is shown as 3 in Fig. 2. 
Inter-Blade Vortex Cavitation
As seen from Fig. 1 . D. This is formed by secondary vortices located in the channels between blades that arise due to the flow separation provoked by the incidence variation from the hub to the band. They can attach to the intersection of the blade inlet-edge with the crown or mid-way of the crown between the blades close to the suction side. Only if their tip is in touch with the runner surface they can result in erosion. These vortices appear at partial load operation ({/{ A <1) and yield a high broadband noise level. They can also appear and cavitate at extremely high-head operation ranges (W/W A >>1) because the σp is relatively low. In this case, they become unstable and cause strong vibrations. Its effect on blade is marked as 4 in Fig. 2 . 
Travelling Bubble Cavitation
As illustrated in Fig. 1 . B. It takes the form of separated bubbles attached to the blade suction side near the mid-chord next to the trailing edge. These travelling bubbles appear due to a low plant cavi- 
Von Karman Vortex Cavitation
As shown as 5 in Fig2. From the trailing edge of blades and vanes periodic vortex-shedding can occur.
Severe pulsations and singing noise can be caused if a lock-in phenomenon occurs. As a result, the trailing edge might be damaged. For Kaplan turbines, leading edge cavitation is less likely to occur than in Francis turbines. This is because the runner blades have a variable pitch and the machine always operates in ''oncam'' condition. This means that a is close to the optimum value over a wide operating range thanks to the good combination between runner blade inlet angle and guide vane angle. For the same reason, draft tube swirl is also less severe than in Francis turbines. Travelling bubble cavitation can take place too on the blades suction side due to heavy blade loading. An exclusive type of cavitation of Kaplan turbines is tip vortex cavitation. This cavitation arises in the gap or clearance between the blade tip and the casing. It is a strong type of cavitation that damages an area along the mid-chord length on the periphery of the blade suction side because the vortex tip touches the blade surface. The area on the blade tip end can also suffer erosion.
Experimental setup
An experiment on Kaplan turbine has been conducted using the accelerometers and found out the vibrations formed, which is a measure of the cavitations formed in the turbine. The specifications of the turbine and the measuring instruments are shown below. The Fig. 2 shows the experimental setup along with the position of the accelerometers. Fig.  3 shows the sound meter used for the measuring of sound level produced in dB.
Turbine setup
Kaplan Turbine in fluid machinery lab in PSG College of technology, Coimbatore -04. Discharge: 5000 lpm Design speed: 1500 rpm Power: 3.7 kW Head: 7 m
Measuring Instruments
The Accelerometer type used is DYTRAN 3097A2, Microphone B&K 4188A021.
A DYTRAN model 3097A2 Accelerometer of sensitivity 100 mv/g is used to measure the amplitude of vibrations in the turbine.
A B&K model 4188A021 microphone of combined sensitivity 30.5 dB is used to measure the amplitude of the sound level in the turbine. Figure 4 shows how the amplitude varies with the time when the turbine is not subjected to any loads. You can see that the amplitude of the vibrations is large when no load is applied to the turbine because of the huge water fluctuations along the rotor blades. From the Figs. 4 and 5, it is shown that the vibrations are reduced in half discharge conditions as there will be less water in the casing.
Analysis of the Experiment
Figures 5, 6 & 7 shows how the vibrations are getting reduced by the addition of the load proving that the frequency of vibrations is inversely proportional to the square root of the mass. Fig. 8 shows the LabVIEW program containing the block diagram for the experiment.
It can be seen that the sound also gets reduced as a consequence of the reduction in the amplitude of vibrations from the Fig. 9 . And the vibrations are at peak in the free running conditions and gradually decrease as the loads are increased as shown in the Fig. 10 . 
Blade Erosion
The blade erosion due the effects of cavitation is shown in the Fig. 11 .
Calculation of Frequency
A fundamental frequency (f f ) of 38.33Hz is estimated from the experiment at worst case condition (high speed condition). A guide vane passing frequency (f v =Z v f f ) is calculated as 306.33Hz. A runner blade passing frequency (f b =Z b f f ) is found to be 153.33Hz.
conclusion
The amplitude of these frequency peaks is related to the intensity of the cavitation. When load increases, amplitude of vibration decreases as frequency of vibration is inversely proportional to mass. When speed increases above the design speed, amplitude increases and it suppresses the performance of the turbine. The suggested methods to improve the performance of the kaplan turbine are change material of the turbine, operate turbine at the design discharge and speed, avoid operating turbine at peak frequencies, ensure complete balancing of turbine (both static and dynamic) thereby avoiding vibration at source. 
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